New ranitidine hydrochloride (RaCl)-selective electrodes of the conventional polymer membrane type are described. They are based on incorporation of ranitidine-tetraphenylborate (Ra-TPB) ion-pair or ranitidine-phosphotungstate (Ra-PT) ion-associate in a poly(vinyl chloride) (PVC) membrane plasticized with dioctylphthalate (DOP) or dibutylphthalate (DBP). The electrodes are fully characterized in terms of the membrane composition, solution temperature, and pH. The sensors showed fast and stable responses. Nernstian response was found over the concentration range of 2.0 × 10 -5 M to 1.0 × 10 -2 M and 1.0 × 10 -5 M to 1.0 × 10 -2 M in the case of Ra-TPB electrode and over the range of 1.03 × 10 -5 M to 1.00 × 10 -2 M and 1.0 × 10 -5 M to 1.0 × 10 -2 M in the case of Ra-PT electrode for batch and FIA systems, respectively. The electrodes exhibit good selectivity for RaCl with respect to a large number of common ions, sugars, amino acids, and components other than ranitidine hydrochloride of the investigated mixed drugs. The electrodes have been applied to the potentiometric determination of RaCl in pure solutions and in pharmaceutical preparations under batch and flow injection conditions with a lower detection limit of 1.26 × 10 -5 M and 5.62 × 10 -6 M at 25 ± 1˚C. An average recovery of 100.91% and 100.42% with a relative standard deviation of 0.72% and 0.53% has been achieved.
Introduction
Ranitidine hydrochloride C13H22N4O3SHCl (RaCl) is used in management of benign gastric and duodenal ulceration, in gastro-oesophageal reflux disease and in patients at risk of developing the acid aspiration syndrome. It is also used for the duodenal ulcer associated with Helicobacter pylori infection and for the management of patients at risk from stress ulceration. 1 Several methods have been reported for the quantitative determination of RaCl. Among these are HPLC, 2-7 TLC, 8 capillary electrophoresis, 9,10 spectrophotometry, [11] [12] [13] [14] [15] [16] NMR, 17, 18 X-ray, 19 titrimetric methods, 20, 21 and solid state ion-selective electrode. 22 Nevertheless, most of these methods involve several manipulation steps before the final result of the analysis. In addition, some of these methods have poor selectivity or require expensive apparatus. This is in contrast to potentiometric methods using ion-selective electrodes, which are simple, economical and applicable to samples of various natures. Using of ion-selective electrodes for the determination of ranitidine hydrochloride has not as yet been reported. Liu et al. 22 reported an Ag/AgCl solid state ion-selective electrode coated with a PVC membrane containing Ra-TPB ion-pair complex as the active compound.
In the present work, plastic membrane-selective electrodes of the conventional type have been constructed. The electrodes are based on incorporation of ranitidine-tetraphenylborate (Ra-TPB) or ranitidine-phosphotungstate (Ra-PT) ion-exchangers in poly(vinyl chloride) (PVC) membrane plasticized with dioctylphthalate (DOP) or dibutylphthalate (DBP).
The electrodes are fully characterized under batch conditions and then used for the determination of RaCl both in batch and flow injection analysis (FIA) situations.
Experimental

Reagents and materials
All chemicals used were of analytical or pharmaceutical grade. Bi-distilled water was used for preparing solutions and as a flow stream in FIA measurements. Ranitidine hydrochloride (RaCl) and phosphotungstic acid (PTA) were obtained from Sigma; dioctylphthalate (DOP) and dibutylphthalate (DBP) were Fluka products. Sodium tetraphenylborate (NaTPB) was obtained from BDH, while PVC of relatively high molecular weight and tetrahydrofuran (THF) were Aldrich products. Pharmaceutical preparations were purchased from local markets; information concerning their composition is given in the following. Ranitidine (tablets): Ranitidine HCl (50 mg per tablet), Medica Union Pharmaceutical (MUP), Abu-Sultan, Ismailia, Egypt; Zantac (injection): Ranitidine HCl (25 mg/ml), Glaxo Welcome Egypt, S.A.E., El-Salam City, Cairo, A. R. E.
A stock solution of 0.1 M RaCl was prepared daily by dissolving the appropriate amount of the drug in bi-distilled water and was stored in dark bottles. More dilute solutions were prepared by appropriate dilution.
Sodium hydroxide and hydrochloric acid solutions of concentrations within the range 0.1 -1.0 M were used for adjusting the pH of the medium, while 0.5 M NaCl solution was used for adjusting the ionic strength.
In FIA measurements, the carrier and reagent solutions were degassed by means of vacuum suction. Sample solutions were freshly prepared prior to measurements.
Apparatus
Potentiometric and pH measurements in the batch mode were carried out by using a Metrohm titroprocessor Model 682. A techne circulator thermostat Model C-100, was used to control the temperature of the test solutions. A Ag/AgCl reference electrode model Metrohm 60733.100 was used as the external reference electrode and a Ag/AgCl wire as the internal reference.
The flow injection setup is composed of a four-channel peristaltic pump (Ismatec, ISM 827, Zurich, Switzerland) and an injection valve Model 5020 with exchangeable sample loop from Rheodyne (Cotati, CA, USA). The electrodes were connected to a WTW pMX 2000 microprocessor pH/ion meter and interfaced to a Model BD111 strip chart recorder (Kipp and Zonn Deflt, The Netherlands).
A wall-jet cell, providing a low dead volume, fast response, good wash characteristics, ease of construction and compatibility with the electrodes of the different shapes and sizes, was used in the flow measurements, where a Perspex cup with axially positioned inlet polypropylene tubing was mounted at the sensing surface of the electrode body. The ion selective electrode with a flow cup, a reference electrode and the outlet tubes were placed in a beaker, where the level of the solution was kept 1 cm above the electrode surface. Figure 1 represents the schematic diagram of the flow injection system used in the measurements.
Preparation of the ion-exchangers
Ra-TPB and Ra-PT ion-exchangers have been prepared as described previously. 23 The composition of the ion-exchangers was found to be 1:1 in the case of Ra-TPB 
Membranes and sensitive membrane electrodes preparation
Ra-TPB-and Ra-PT-sensitive electrodes were prepared as described previously. 23 Trials made to attain the optimum membrane composition result in selecting membranes that contained (in wt%) Ra-TPB ion-pair (5), DBP (47.5) and PVC (47.5) in the case of Ra-TPB electrode and Ra-PT ion-associate (5), DOP (47.5) and PVC (47.5) in case of Ra-PT electrode. The membrane components (totaling 350 mg) were dissolved in THF (10 ml) and poured into a 7.5 cm petridish. Overnight evaporation of the solvent yielded a membrane of ∼0.1 mm thickness, as visually determined with an optical microscope. For each electrode, a disk of the membrane with a 14 mm diameter was punched from the large membrane and glued to the polished end of a 2 cm long PVC plastic cap attached to one end of a 10 cm glass tube. The electrodes were then filled with 0.1 M NaCl + 10 -3 M RaCl solution and the Ag/AgCl wire was immersed in this solution. The resulting electrodes were preconditioned by soaking for 2 h in 10 -2 M RaCl solution. The electrochemical system is composed as follows: Ag/AgCl/inner solution/membrane/test solution//KCl (sat.) salt bridge//Ag/AgCl/3 M KCl.
Construction of the calibration graphs
In batch measurements, suitable increments of standard RaCl solution were added to 50 ml of bi-distilled water to cover the concentration range 1.00 × 10 -6 -1.00 × 10 -2 M. In this solution, the sensor and the reference electrodes were immersed and the emf was recorded after each addition at 25 ± 1˚C. The cell potentials, Ecell, were calculated and plotted versus -log [RaCl] .
In FIA measurements, a series of freshly prepared solutions of the RaCl covering the range 1.0 × 10 -5 -1.0 × 10 -2 M was injected into the flow stream and the corresponding peak heights were recorded and used to draw the calibration graphs.
Response time of the electrodes
The response time is the time which elapses between the instant when an ion-selective electrode and a reference electrode (ISE cell) are brought into contact with a sample solution (or at which the activity of the ion of interest in a solution is changed) and the first instant at which the emf/time slope (∆E/∆t) becomes equal to a limiting value selected on the basis of the experimental conditions and/or some requirements concerning the accuracy. 24 The response time of the investigated electrodes was calculated on the basis of this definition. It was found to be within the typical range for macroscopic ion-selective electrode, 25 i.e., the electrodes exhibit fast dynamic instantaneous response time in the order of 10 -20 s. It was found that the response time increases with the increase in the soaking time, due to some leaching of the ion-exchanger into the bathing solution.
Selectivity of the electrodes
In batch measurements, the selectivity coefficients were determined by the separate solutions method (SSM), 24 where the following equation was applied:
where E1 is the electrode potential in 1.0 × 10 -2 M RaCl solution, E2 the potential of the electrode in 1.0 × 10 -2 M interferent solution J z+ and S is the slope of the calibration graphs.
In FIA, a series of standard RaCl solutions of concentrations 1.0 × 10 -5 to 1.0 × 10 -2 M was prepared, their corresponding peak heights were measured and then solutions that are 1.0 × 10 -2 M of interferents were measured under the same conditions. The peak heights were converted to millivolts and then compared to those obtained from the standard drug series.
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ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 In addition to the SSM, the selectivity of the investigated electrodes were determined by the matched potential method MPM. 26 In this method, the potentiometric selectivity coefficient is defined as the activity ratio of primary and interfering ions that give the same potential change under identical conditions. At first, a known concentration (CD′) of the primary ion solution is added into a reference solution that contains a fixed concentration (CD) of primary ions, and the corresponding potential (∆E) is recorded. Next, solution of an interfering ion is added to the reference solution until the same potential change (∆E) is recorded. The change in potential produced at the constant background of the primary ion must be the same in both:
where CJ is the concentration of the interfering ion.
Results and Discussion
Characterization and optimization of the electrodes in batch conditions
Near The response characteristics of the Ra-PT electrode are better than these of the Ra-TPB due to the lower solubility of Ra-TP (Ksp = 2.09 × 10 -13 ) relative to that of Ra-TPB (Ksp = 1.22 × 10 -7 )
The electrodes were stable over a one month period of continuous soaking where a significant shift in the response toward RaCl is observed. It can be assumed that the concentrations of the plasticizer and the ion-exchanger in the membrane likely reduced during this contact period with the bathing solution and the PVC tubing. This reduction would be likely due to the leaching of the ion-exchangers into the bathing solution and due to the diffusion of the plasticizer and ionexchanger from the membrane into the PVC tubing. 27 The life span of the electrodes extends for more than 6 months if they are kept dry while not in use.
The effects of solution temperature on the response of the membrane electrodes were studied at different temperatures. The electrodes gave near-Nernstian responses over the temperature range 25 -60˚C. The standard electrode potentials, E o , were determined at different temperatures and have been used to calculate the thermal stability coefficients of the electrodes. 23 Values of 7.5 × 10 -4 and 9.0 × 10 -4 V/˚C for Ra-TPB and Ra-PT membrane electrodes, respectively, reflect a fairly good thermal stability of the two electrodes.
Optimization of the investigated ISE response in FIA conditions
The flow injection measurements were carried out in a twoline system; the sample was injected into a bi-distilled water stream, which then merged with another stream of distilled water. In both lines, the same tubing size was used, offering the same flow rate. The connector of the two streams was linked to the detector by a 50 cm tube of 0.4 mm internal diameter. Figure 1 shows the configuration of the system used in the measurements. The dispersion coefficients (which is defined as the ratio of concentrations of sample material before and after the dispersion process has taken place) were found to be 1.31 and 1.40 for Ra-TPB and Ra-PT, respectively, i.e., limited dispersion that aids optimum sensitivity and fast response of the electrodes. 28 
Effect of injection volume
Samples of different volumes (4.70 -340.0 µl) were injected. In general, the higher the sample volume, the higher the peak heights and residence time of the sample at the electrode surface; thus it takes a longer time to reach a steady state and there is higher consumption of the sample. 29 Through experimental trials a sample loop of size 75.0 µl that gave maximum peak height, less consumption of the reagents, and a shorter time to reach the base line have been used throughout this work.
Effect of flow rate
The dependences of the peak heights and the time to recover the base line on flow rate were investigated, where the response of the electrodes under investigation to a solution that is 10 -2 M was tried at different flow rates (4.15, 5.35, 7.5, 9.70, 12.50, 17.85, 23.25, 25.00, 27.00, and 30.00 ml/min). With a constant injection volume (75 µl), the residence time of the sample is inversely proportional to the flow rate. Therefore, low flow rate would seem most likely to produce a steady state signal but will also lead to increased response time due to increased residence time of the sample at the active membrane surface (thicker boundary layers).
It was found that, as the flow rate increased, the peaks become higher and narrower until a flow rate of 12.50 ml/min; the peaks obtained after that, at higher flow rates, are nearly the same. This rate was used throughout this work for providing a maximum peak height, a shorter time to reach the base line and less consumption of the carrier solution.
Effect of pH
The effect of pH of the test solutions on the Ra-TPB and Ra-PT electrode potentials was studied in batch and FIA measurements.
In batch measurements, the variation in potential with pH changes was followed by addition of small volumes of HCl and/or NaOH (0.1 - The results showed that, in both batch and FIA conditions, the potentiometric response of the electrodes was independent of the pH of the solution between pH 4.0 -9.0 and 2.5 -8.5 for Ra-TPB and Ra-PT electrodes, respectively (Fig. 2) . At pH <4.0 or 2.5, the potential decreased gradually; this can be related to the progressive sensitivity to the diprotonated RaH 2+ species. At pH >9.0 or 8.5 (for Ra-TPB and Ra-PT electrodes, respectively) the potential decrease that takes place is due to the decrease in the concentration of the protonated Ra + species (pKa ≈9.9 which was determined experimentally).
Selectivity of the electrodes
In batch measurements, the selectivity coefficients K POT D,J z+ were evaluated by the separate solution method 24 for ions only and by the MPM for ions and molecules. In FIA measurements, the sample remains in contact with the electrode for a short period of time. Consequently, the apparent selectivity is expected to be different from that found in batch conditions. In this case, the values of selectivity coefficients K POT D,J z+ were calculated based on potential values corresponding to the peak heights for the same concentrations of the drug and the interferent.
The determined selectivity coefficients (Table 1) 
Electrode response in FIA
In potentiometric detection, the electrode potential depends on the activity of the main ion sensed and on the state of the membrane/measured solution interface. 30 In flow measurement, the main unfavorable feature of this detection is the slow response of electrode potential to concentration change which is pronounced when low concentrations are measured. This slow response is a quite good reason for the super Nernstian sensitivities obtained in FIA measurements using the investigated electrodes. This is due to the low rate of the transport of the analyte through the stagnant layer close to the electrode and the reduction of the width of this layer. Consequently, the analyte reaches the sensing membrane reading, leading to a super Nernstian sensitivity. An increase in the slope of the calibration plots in FIA was observed compared to batch measurements, where the potential is measured in conditions very close to the equilibrium at membrane/test solution interface. The slopes of the calibration graphs obtained are 68.0 and 74.0 compared to 57.1 and 60.0 mV per concentration decade in batch conditions for Ra-TPB and Ra-PT electrodes, respectively. The usable concentration ranges of the electrodes in FIA measurement are 1.0 × 10 -5 M to 1.0 × 10 -2 M, for both electrodes. Figures 3a1 and a2 represent the recorded peaks and Figs. 3b1 and b2 represent the calibration graphs for Ra-TPB and Ra-PT electrodes at the optimum conditions.
Analytical applications
RaCl was potentiometrically determined in pure solutions and in pharmaceutical preparations using the investigated electrodes under batch conditions by standard addition and potentiometric titration methods.
In the standard addition method, known small increments of 0.10 M standard RaCl solution were added to 50.0 ml aliquot samples of various concentrations (1.14 × where Cx and Vx are the concentration and the volume of the unknown, respectively, Cs and Vs are the concentration and the volume of the standard, respectively, S is the slope of the calibration graph, and ∆E is the change in millivolts due to the addition of the standard. The mean recovery values of five replicates and the relative S.D. values, for pure solution and pharmaceutical preparations, were calculated and are summarized in Table 2 .
In the potentiometric titration method, an aliquot of the solution of pure drug or a pharmaceutical preparation solution containing 5.0 -50.0 mg was transferred into 100 ml titration cell and the volume was completed to about 50.0 ml with bidistilled water. The resulting solutions of the drug were titrated potentiometrically using 10 -2 M solution of NaTPB or PTA as titrant. The mean recovery and the relative standard deviation values were calculated and are presented in Table 2 . In pharmaceutical analysis, it is important to test the selectivity toward the excipients and fillers added to the pharmaceutical preparations.
It is clear from the results obtained for pharmaceutical preparations ( Table 2 ) that these excipients do not interfere, as indicated by high recovery and low S.D. values.
Under FIA conditions, a series of solutions of different concentrations was prepared from either tablets powder or injection solution. The peak heights were measured at the optimum conditions, then compared to those obtained from injecting a standard solution of the same concentration prepared from pure RaCl. The mean recovery values for the amounts taken were 96.17 to 100.74% ( Table 2) .
The results of the batch and FIA methods (Table 2) were compared with those of the official method (based on potentiometric titration of RaCl with 0.1 M NaOH solution) 31 by applying the F-and the t-tests. 32 The calculated F-values were found to be in the range 2.37 -3.18 which are lower than the tabulated value (6.39 at 95% confidence level and 4 d.f.). The tvalues were found to be in the range 1.26 -3.39, which are lower than the tabulated value (5.04 at 99.9% confidence level and 8 d.f.). This means that the proposed methods are of comparable precision to those of the official method and that there is no significant difference between the mean values obtained by both methods. In order to establish whether the proposed methods exhibit any fixed or proportional bias, a simple linear regression of the taken (milligrams) against found was calculated, and the results of statistical treatments of the data are shown in Table 3 .
Conclusion
The proposed electrodes based on a conventional type PVC membrane containing Ra-TPB or Ra-PT ion-exchangers offer a 1447 ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 valuable technique for the determination of RaCl in pure solutions and in pharmaceutical preparations using batch and FIA conditions. The inherent advantages of the proposed electrodes are the low cost and direct application to the determination of RaCl in complex matrix without prior separation. The proposed electrodes are characterized by better selectivity toward ranitidinium ions than other reported methods. They can be introduced commercially, facilitating RaCl determination in non-specialized laboratories; and the present work shows the applicability of the developed electrodes in flow injection systems for the determination of RaCl by direct potentiometry in a short time. 
